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Abstract Estimated rates and efficiency of ocean carbon export flux are sensitive to differences in the
depth horizons used to define export, which often vary across methodological approaches. We evaluate
sinking particulate organic carbon (POC) flux rates and efficiency (e-ratios) in a global earth system
model, using a range of commonly used depth horizons: the seasonal mixed layer depth, the particle
compensation depth, the base of the euphotic zone, a fixed depth horizon of 100 m, and the maximum
annual mixed layer depth. Within this single dynamically consistent model framework, global POC flux rates
vary by 30% and global e-ratios by 21% across different depth horizon choices. Zonal variability in POC
flux and e-ratio also depends on the export depth horizon due to pronounced influence of deep winter
mixing in subpolar regions. Efforts to reconcile conflicting estimates of export need to account for these
systematic discrepancies created by differing depth horizon choices.

Plain Language Summary The ocean’s carbon cycle is strongly influenced by tiny marine plants
that transform carbon dioxide into organic carbon in the surface ocean. A fraction of this organic matter
sinks into the deep ocean as decomposing dead organisms, storing their carbon away from contact with the
atmosphere. Researchers studying this process often select different depths that dead organisms must sink
below in order to be counted in their analyses. This can make it difficult to compare across different
studies to determine how much sinking organic matter is leaving the surface ocean. In this study, we
compare results across many of the different depth choices often used by researchers. Since there are not
sufficient observations to compare globally across all these depths, our analysis uses a global model
simulating the ecosystem processes that produce sinking organic matter. We show that researchers’
conclusions about the global rate and efficiency of organic carbon transfer out of the surface ocean, as well as
the relative contributions of different ocean regions, depend heavily on this choice of how deep organic
matter must sink in order to be counted. This has important implications for how researchers study biology’s
role in the modern and future ocean carbon cycle.

1. Introduction

Export of biologically fixed organic carbon from the surface ocean plays an important role in the global
carbon cycle, with significant implications for the ocean’s role in regulating global climate and for ocean acid-
ification and deoxygenation. Earth system model projections indicate that export flux will decrease over the
21st century (Bopp et al., 2013; Laufkötter et al., 2016), but there is significant uncertainty in these estimates
due in part to uncertainty in our ability to quantify the global magnitude and spatial patterns of export in
today’s ocean. Current estimates of global export flux vary widely, ranging from 5 to 13 Pg C/year (Laws,
D’Sa, & Naik, 2011; Siegel et al., 2014, 2016). Estimates of spatial patterns of export also vary, with satellite
algorithms and models showing higher export in subpolar than in subtropical regions, while geochemical
mass balance approaches indicate more globally uniform rates (Emerson, 2014).

The wide variety of methods to measure export in the modern ocean provide both an opportunity to more
accurately assess export and a confounding factor in comparing results from different studies. Direct
observational techniques to assess export include geochemical mass balance (oxygen, carbon, and nitrogen),
incubation experiments to determine “new” production from nitrate, and assessment of particle flux rates
based on 234Th disequilibrium measurements, collection of particles in sediment traps, and emerging auton-
omous optical techniques (Buesseler et al., 1992, 2007; Emerson, 2014; Emerson & Hedges, 2008; Estapa et al.,
2017). These direct observational estimates have been extrapolated to a global scale by using them to
constrain remote sensing algorithms (Dunne et al., 2005, 2007; Henson et al., 2011; Laws et al., 2000, 2011;
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Siegel et al., 2014). Applying a wide array of methods confers an advantage in accurately constraining export
despite uncertainties inherent to each individual method. However, a complication that plagues comparisons
among studies is that differing approaches to measure export often differ in how export is defined. For exam-
ple, previous work has highlighted discrepancies in export estimates that span different temporal or spatial
scales or include different mechanisms of export (sinking particles, physical transport of suspended or dis-
solved material, and/or active transport by zooplankton; e.g., Emerson, 2014; Estapa et al., 2015; Hansell &
Carlson, 1998; Siegel et al., 2016; Stange et al., 2017; Steinberg et al., 2000; Steinberg & Landry, 2017).

An additional key difference among methods that has received insufficient attention is that there is no con-
sistent choice of the depth horizon below which organic carbon must sink to be counted as exported.
Observational studies of sinking particle fluxes often evaluate export at the base of the euphotic zone,
approximating the depth below which new particles are not produced (Buesseler & Boyd, 2009; Siegel
et al., 2016). Mass balance estimates of net community production (equivalent to export when in steady state)
commonly evaluate export at the base of the seasonally varying mixed layer or annual net community pro-
duction at the maximum annual mixed layer depth (MLD) to only include material that will be sequestered
from the atmosphere on annual or longer timescales (Emerson, 2014). Modeling studies have long acknowl-
edged that estimates of export are sensitive to the choice of depth horizon but have still generally chosen a
single constant global depth horizon to facilitate global-scale analysis (e.g., Doney et al., 2003; Laufkötter
et al., 2016; Najjar et al., 2007).

These different choices of depth horizon to evaluate export reflect not only technical differences among
methods that lend themselves to certain depth horizon choices but also differences in the driving scien-
tific questions. For instance, evaluating export at the base of the euphotic zone separates overlying pro-
cesses that produce organic carbon from the region below where only remineralization occurs, making it
an ideal choice to assess energy sources for the mesopelagic or food web dynamics influencing export
(e.g., Buesseler & Boyd, 2009). A similar justification holds for evaluating export at the compensation
depth (where net production and remineralization are equal, with net production above and net reminer-
alization below, sensu Najjar & Keeling, 1997), although this is rarely applied observationally due to chal-
lenges of identifying the compensation depth in the field. For questions connecting export to the ocean
carbon sink, it is valuable to consider the physical dynamics controlling CO2 exchange between the
ocean and atmosphere. The seasonal MLD is a natural depth horizon choice to evaluate the mechanistic
connection between export and atmospheric pCO2, since export drives air-sea CO2 flux by altering mixed
layer pCO2. A key additional factor in understanding the influence of export on the carbon cycle is the
timescale over which exported material is sequestered from contact with the atmosphere, which depends
on both seasonal mixing and large-scale circulation (e.g., DeVries et al., 2012). Prior observational studies
have demonstrated that a significant fraction of the carbon exported from the surface ocean during the
stratified summer months can be ventilated during deep winter mixing, such that the maximum annual
MLD is the ideal depth horizon to assess how export sequesters carbon on annual or longer timescales
(Körtzinger et al., 2008; Palevsky, Quay, Lockwood, et al., 2016). While each of these depth horizon
choices has clear utility, comparing findings among studies using these different definitions of export
can be challenging. It is clear that different depth horizon choices will lead to differing estimates of
the rate and efficiency of export due to rapid attenuation of export flux with depth (Martin et al.,
1987), but systematic effects of differing choices of export depth horizon have not been evaluated on
a global scale.

In this paper, we use output from a biogeochemical ocean model to compare export rates and efficiencies
evaluated at multiple depth horizons, selected to represent a range of choices commonly used to define
export in observational and modeling studies (Table 1). By comparing results across depth horizons within
a single dynamically consistent model framework, we demonstrate the influence of the choice of depth hor-
izon used to define export on calculated global rates and spatial patterns of export flux and efficiency. We
find that these discrepancies are most pronounced in regions that experience deep winter mixing, particu-
larly the subpolar regions, such that the choice of export depth horizon influences conclusions about spatial
patterns as well as global rates of export. Based on these findings, we provide recommendations for future
observational and modeling studies to clearly specify the choice of export horizon for a given analysis and,
wherever possible, present profiles of export flux and efficiency across multiple depth horizons in order to
improve intercomparison among studies using different definitions of export.
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2. Methods
The analysis presented here could be conducted using any global ocean model that provides realistic depth-
and time-resolved rates of primary production and organic carbon flux. However, standard runs for previous
model intercomparison projects (e.g., Taylor et al., 2012) have not routinely archived the depth-resolved out-
put needed for such an analysis and instead only provide organic carbon flux at the 100-m-depth horizon. We
therefore use depth- and time-resolved model output previously published and evaluated by Lima et al.
(2014), from a preindustrial control simulation of the Community Climate System Model run with an
embedded biogeochemistry and ecosystem module (the Biogeochemical Elemental Cycle model; Moore
et al., 2004). The model includes three phytoplankton functional groups, a single adaptive zooplankton class,
and multielement (N, P, Si, and Fe) limitation of phytoplankton growth. Particulate organic carbon (POC) is
produced by large phytoplankton aggregation, mortality of both phytoplankton and zooplankton, and zoo-
plankton grazing on phytoplankton. POC sinking and remineralization rates are treated implicitly, with POC
flux attenuation determined using a variable remineralization length scale (ranging from 150 to 330 m) that
depends on particle composition and environmental conditions, yielding POC flux profiles that correspond
reasonably well with observational measurement profiles (Figure S1 in the supporting information;
Buesseler & Boyd, 2009; Marsay et al., 2015; for global comparison between modeled POC flux and sediment
trap measurements, see Lima et al., 2014). The version of the model used here provides 3.6° longitude × 0.8°
to 1.8° latitude resolution, with 25 vertical levels, and we use a monthly climatology created from the final
10 years of an 840-year simulation run with a repeated annual cycle of physical forcing derived from atmo-
spheric reanalysis and satellite data products and preindustrial atmospheric CO2 concentrations (280 ppmv;
Lima et al., 2014).

Our analysis focuses on POC flux as a key component of export and on the fraction of net primary production
(NPP) that contributes to POC flux (the e-ratio; POC flux/NPP), a metric of export efficiency. NPP at each depth
represents total NPP from all three phytoplankton groups integrated through the overlying water column,
and POC flux represents sinking POC at each depth (i.e., the difference between POC production and remi-
neralization integrated through the overlying water column). Both POC flux and e-ratio in the model output
are four-dimensional properties that vary with time, space, and depth. To compute annual POC flux rates and
e-ratios for each latitude × longitude grid cell, we define a set of depth horizons based on depths commonly
used to assess export observationally and in model analyses (Table 1). Some of these depth horizons are a
single fixed depth for all months (100 m and maximum annual MLD), while others change seasonally

Table 1
Depth Horizons Used to Define Export and Global Model Results at Each Depth Horizon

Depth horizon
Depth horizon definition for

CCSM-BEC analysis
Methods commonly using this

depth horizon

Global POC flux
from CCSM-BEC
(Pg C/year)

Global e-ratio
from CCSM-
BEC (%)

Seasonally varying MLD Frommodel physics, determined for each grid
point in each month

Biogeochemical mass balance (e.g., O2,
NO3, and DIC), especially over short
timescales

5.3 14.6

Particle compensation depth Depth through the water column with the
maximum POC flux rate, determined for
each grid point in each month

Rarely applied observationally 6.9 14.5

Euphotic depth Depth where POC production = 1% of the
maximum through the water column (as
defined by Lima et al., 2014), determined
for each grid point in each month

Sediment trap and 234Th observational
studies; satellite e-ratio algorithms

6.0 12.4

100 m Constant for all grid points and months Earth system models; sediment trap and
234Th observational studies

6.2 12.9

Maximum annual MLD Frommodel physics, determined for each grid
point and constant throughout a year

Biogeochemical mass balance (O2 and O2/
Ar), especially over annual and longer
timescales

5.6 12.1

Note. Further details about how these depth horizons are calculated from CCSM-BEC output are provided in the supporting information. DIC = dissolved inorganic
carbon; MLD = mixed layer depth; POC = particulate organic carbon. CCSM-BEC = Community Climate System Model with the Biogeochemical Elemental Cycle
module.
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(seasonally varying MLD, particle compensation depth, and euphotic depth; Figure S2). Annual rates are
calculated using climatological monthly output evaluated at the suite of month-specific depth horizons
(see supporting information for further details).

We acknowledge that themodel’s POC production and remineralization dynamics are simplistic as compared
with the real world, but they nonetheless represent realistic POC flux profiles (Figure S1; Lima et al., 2014) and
therefore enable us to investigate global-scale trends and identify regions that merit further observational
attention to the choice of export depth horizon. The model output analyzed here includes POC flux but does
not include transport of dissolved organic carbon (DOC) or vertical transport by zooplankton. This analysis
therefore focuses solely on export by POC flux, but we acknowledge that DOC and zooplankton export are
also key components of organic carbon export (Hansell & Carlson, 1998; Roshan & DeVries, 2017; Steinberg
& Landry, 2017) and that the sensitivity of these mechanisms to the choice of depth horizon merits analysis
in future work.

3. Results and Discussion
3.1. Model POC Flux and e-Ratio

Modeled POC flux and e-ratio patterns through the upper water column are illustrated in sections from both
the Atlantic and Pacific Oceans (Figure 1). POC flux is low at the surface and increases with depth through the
uppermost water column where POC production exceeds remineralization (i.e., above the particle compen-
sation depth). Below the particle compensation depth, POC flux decreases with depth as sinking particles are
remineralized (global mean of 80% ± 8% remineralized in the first 100 m below the compensation depth).
The model’s global mean particle compensation depth is 75 ± 20 m, with shallower (deeper) compensation
depths found in regions with higher (lower) POC flux. The euphotic depth is consistently slightly deeper than
the particle compensation depth (29 ± 10 m deeper), since remineralization exceeds production at the lower
production rates in the deepest portion of the euphotic zone.

The e-ratio shows a similar pattern to POC flux with depth, but the maximum e-ratio through the water col-
umn is displaced closer to the surface than for POC flux (Figure 1). This is consistent with previous analysis of

Figure 1. Meridional sections of mean annual POC flux (colorscale) and e-ratio (POC flux/net primary production; dashed gray lines) in the Atlantic (top) and Pacific
(bottom) Oceans. Five different depth horizons used for defining export are shown in the solid colored lines. For the particle compensation depth and euphotic
depths, which vary seasonally, the depth shown is the annual meanweighted bymonthly POC flux rates. The seasonal MLD export horizon varies between the annual
minimum (pink) and maximum (black). MLD = mixed layer depth; POC = particulate organic carbon.
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Biogeochemical Elemental Cycle model output, which showed photosynthesis rates dropping off more stee-
ply than respiration rates with depth, yielding maximum e-ratios near the surface (Palevsky, Quay, &
Nicholson, 2016). As a result, the model yields higher e-ratios at the stratified summertime MLD than the par-
ticle compensation depth (which is by definition the maximum POC flux of all possible depth horizons).
Analysis of a single earth system model cannot determine whether this relationship between the depths
of maximum e-ratio and POC flux in the model reflects a phenomenon in the real ocean but does indicate
that care and consistency are especially needed in selecting depth horizons used to evaluate export rates
and e-ratios in tandem due to the likelihood of their maxima being displaced in the water column.

3.2. Relationship Between Winter Mixing Depth and POC Flux

The significance of different choices for export depth horizon is particularly evident for locations that experi-
ence deep winter mixing. While the euphotic and particle compensation depths are based on biological
dynamics, the seasonal and maximum annual MLD depth horizons are based on physical dynamics of sea-
sonally variable stratification. Simulated MLDs generally match observed trends (for a detailed comparison
with observations, see Doney et al., 2009). Minimum annual mixed layers (24 ± 14 m), occurring during the
summer-stratified season, are relatively uniform globally. Some regions maintain strong year-round stratifica-
tion, while others experience strong winter mixing that produces a wider range of seasonal MLDs and deeper
maximum annual MLDs. The deepest winter mixed layers are generally found in the subpolar latitudes
(30°–60°), in the Southern Ocean, the Kuroshio region of the western North Pacific, and the subpolar North
Atlantic (Figure 2a). In these regions, the maximum annual MLD is substantially deeper than the other com-
monly used export depth horizons, allowing remineralization below the other depth horizons but above the
maximum annual MLD to significantly attenuate the POC flux.

To illustrate the influence of deep winter mixing on differences among export depth horizons, we compare
annual POC flux evaluated globally at both the maximum annual MLD and the fixed 100-m depth horizon
commonly used in prior model analyses (Figures 2b and 2c). Regions in red in Figure 2b indicate net reminer-
alization of POC between 100 m and the maximum annual MLD, with the difference representing sinking
organic material that is counted as exported using the fixed 100-m depth horizon but is subsequently remi-
neralized and ventilated during winter mixing and therefore not counted as exported using the maximum
annual MLD horizon. Regions experiencing the deepest winter mixing show the most pronounced decrease
in POC flux when evaluated at the maximum annual MLD rather than the 100-m depth horizon, with aggre-
gated data from all model grid cells illustrating the correlation between maximum annual MLD and the dis-
crepancy between POC flux determined at these two different export depth horizons (Figure 2c). Note that
for some regions with strong year-round stratification, the maximum annual MLD is <100 m, such that
POC flux at the maximum annual MLD can be greater than at 100 m due to net POC remineralization below
the maximum annual MLD and above 100 m.

It is striking that although differences in POC flux evaluated at different depth horizons are also influenced by
regional variations in total POC production and in remineralization length scale, variations in maximum
annual MLD remain a dominant influence on the discrepancy among depth horizons (Figure 2). This effect
is also evident in comparisons with the seasonal MLD, euphotic depth, and particle compensation depth hor-
izons (Figure S3). Regions with deep winter mixing are therefore locations where the conclusions of both
observational and modeling studies are particularly sensitive to the choice of export depth horizon and
where the rate of carbon sequestration could be significantly overestimated when using export depth hori-
zons shallower than the maximum annual MLD.

3.3. Global Rates and Spatial Patterns of POC Flux and e-Ratio

To determine how different choices of depth horizon influence our global understanding of export, we
calculate the model’s global annual mean POC flux and e-ratio using all five depth horizon choices
(Table 1). The model’s global POC flux is on the low end of observational estimates, yielding rates ranging
from 5.3 to 6.9 Pg C/year across the suite of depth horizons considered here. This range reflects a 30%
difference in the model’s total estimate of global POC flux depending only on the choice of export
depth horizon. Modeled global e-ratios similarly vary across different export horizons, with a global
e-ratio evaluated at the seasonally varying MLD that is 21% greater than the global mean e-ratio evalu-
ated at the maximum annual MLD. Variations in depth horizon choice cannot explain the full range of
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observational estimates of global export rates and efficiency (which include a spread representing >100%
difference across estimates; Siegel et al., 2016) but can contribute significantly to uncertainty in these
global estimates.

Differences in the spatial patterns of POC flux and e-ratio across differing choices of export depth horizon
are even more pronounced (Figure 3). For example, there is a strong zonal contrast between high- and

Figure 2. (a) Maximum annual MLD. (b) Difference between POC flux determined at the fixed depth horizon of 100 m and
at themaximum annual MLD. (c) Relationship between themaximum annual MLD and the POC flux difference between the
fixed 100-m and maximum annual MLD depth horizons, shown spatially in (b), (r2 = 0.69). Each point represents an
individual grid cell, with points where maximum annual MLD <60 m omitted and the colors representing overlapping
point density. In (a) and (b), dashed lines show locations of the sections in Figure 1 and yellow dots show the locations
highlighted in Figure 3. MLD = mixed layer depth; POC = particulate organic carbon.

10.1029/2017GL076498Geophysical Research Letters

PALEVSKY AND DONEY 4176



low-latitude POC flux and e-ratios evaluated at the euphotic depth, with 105% higher POC flux and 49%
greater e-ratios in the polar and subpolar latitudes (30°N–70°N and 30°S–70°S) than in the subtropics
(10°N–30°N and 10°S–30°S). However, the contrast is considerably reduced, to just 58% for POC flux and
8% for e-ratio, when evaluated instead at the maximum annual MLD. This is a result of spatial structure in
the variable depth horizons, with the largest discrepancy between depth horizons found at subpolar
latitudes where the euphotic and particle compensation depths are shallowest and maximum annual
mixed layers are deepest (Figures 1 and 2a). This could at least partially explain the methodological
discrepancy in annual export rates previously noted by Emerson (2014) where satellite algorithms and
models, which generally use the euphotic depth or 100-m horizons, find greater zonal contrast than mass
balance approaches, which generally use the seasonal or maximum annual MLD.

For in situ observational studies comparing export measurements at individual field locations, these differ-
ences among export depth horizons can be especially confounding. We compare modeled POC flux and
e-ratio across the five depth horizons at four locations representing a range of ocean regions with relatively
deep maximum annual MLDs: the Irminger Sea, the Kuroshio Extension, the equatorial Pacific, and the Indian
sector of the Southern Ocean (Figure 3; locations shown in map view in Figures 2a and 2b). Within each sta-
tion, estimates based on different export depth horizons can range widely, with POC flux and e-ratios deter-
mined at the particle compensation depth yielding rates that are 1.3–6 times higher than rates determined at
themaximum annual MLD. Conclusions of regional differences based on comparisons across stations are also
highly sensitive to the choice of export depth horizon. For example, POC flux from the euphotic zone is com-
parable in the equatorial Pacific and the Kuroshio Extension region of the western North Pacific but export
from the seasonally varying MLD and maximum annual MLD are ~2 times greater in the equatorial Pacific
than in the Kuroshio Extension (Figure 3a). Similarly, in comparing among the four example stations in
Figure 3b, the e-ratio in the equatorial Pacific is the lowest of all stations when evaluated at the euphotic
depth but greatest when evaluated at the maximum annual MLD. These discrepancies could be even more
pronounced if evaluated over shorter seasonal timescales rather than the full year (Figure S2). This empha-
sizes the importance of accounting for variations across depth horizon in interpreting observational data
to compare among studies and regions.

Figure 3. Zonal mean annual POC flux (top) and e-ratio (bottom), evaluated at each of five depth horizons for defining
export. Examples of the spread among depth horizons from locations with relatively deep maximum annual MLDs in
the Southern Ocean, equatorial Pacific, Kuroshio Extension, and Irminger Sea (shown in map view in Figure 2) are plotted by
latitude in the colored circles. MLD = mixed layer depth; POC = particulate organic carbon.
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4. Conclusions and Future Outlook

Using a single dynamically consistent global ocean biogeochemical model, we demonstrate that global rates
and spatial patterns of POC flux and e-ratios (the rate and efficiency of export) are sensitive to the choice of
depth horizon used to define export (Table 1). Differences among commonly used depth horizons are
particularly pronounced in regions that experience deep winter mixing, where POC flux and e-ratios are con-
siderably lower when evaluated at deep maximum annual MLDs than at shallower depth horizons (Figures 2
and 3). This produces much stronger spatial contrast between the high and low latitudes for POC flux and
e-ratios evaluated at the euphotic depth or 100 m than when evaluated at the maximum annual MLD
(Figure 3), potentially explaining why prior studies using different choices for export depth horizon have
reached different conclusions about the spatial variability in global export rates.

Given the range of commonly used choices for export depth horizon, and the strong sensitivity of conclu-
sions about global rates and spatial patterns of POC flux and e-ratio to this choice, we recommend that stu-
dies of export rates and efficiency explicitly state how export was defined and discuss the influence of the
choice of depth horizon on the results. While a single agreed-upon definition of the depth horizon used to
define export would certainly clarify the literature, we do not recommend a single “correct” depth horizon
choice because different definitions may be best suited to addressing different scientific questions, in addi-
tion to being more practical when using different observational approaches. However, comparisons among
studies using varying methods should account for different choices of export depth horizon as a potential
reason for discrepancies and endeavor to compare estimates normalized to the same export depth horizon.
This is essential not only for studies of POC flux but also observational and model analyses of the contribu-
tions of zooplankton vertical transport and DOC flux to export, as mechanisms of physical mixing and active
vertical migration will produce vertical patterns of export flux that differ from the POC dynamics explored
here (e.g., Roshan & DeVries, 2017; Steinberg & Landry, 2017). To enable intercomparison among studies,
export rates and efficiency should be evaluated as profiles across multiple depth horizons wherever possible.
For instance, model studies could archive full profiles of POC flux rather than only archiving flux at 100 m
(planned for future model intercomparison; Orr et al., 2016) and observational studies that collect depth pro-
files (e.g., from profiling floats or high-resolution discrete sampling profiles) could report export estimates
integrated to multiple depth horizons in addition to publishing the full observational data set to assist in
future reanalysis. This is especially important for high-latitude regions with deep winter mixing extending
below the euphotic zone, which feature the largest discrepancies in estimated rates and efficiency of export
among different depth horizons (Figures 2 and 3). As current and future research programs remedy the his-
torical gap in year-round biogeochemical observations in high-latitude regions (e.g., Johnson et al., 2017;
Siegel et al., 2016), attention to evaluating export across multiple depth horizons will be particularly critical.
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